1.. Introduction {#s6}
================

A high-fat diet (HFD) is a well-known risk factor for cardiovascular disease and is one of many factors responsible for chronic liver disorders, dementia and cognitive decline.[@B1],[@B2] Whether HFD is directly associated with depression and depressive behavior remains unknown. In a large-scale analysis of over 1000 elderly subjects, Morgan and colleagues found that subjects with low serum total cholesterol were likely to be depressive.[@B3] Another study supported this notion and reported that cholesterol levels were 13% lower in depressed subjects compared with control subjects.[@B4] In addition, Richter and colleagues reported a positive correlation between triglyceride levels and the severity of depression, and suggested that resolution of depression may be associated with decreasing triglyceride levels.[@B5] Other studies have shown that depression among obese subjects is more severe than among non-obese subjects.[@B6] Visceral fat particularly increases the risk of onset of depressive symptoms,[@B7] and weight gain during depressive periods is an important indicator of depression severity.[@B6]

There are multiple possible pathogenic mechanisms that could link a HFD and depression or depressive behavior. A decrease in triglyceride levels is related to both an increase in arterial oxygen tension and an improvement in depressive symptoms.[@B8] Seplowitz and colleagues suggest that high serum viscosity reduces red blood cell oxygenation leading to segmental cerebral hypoxia that may be associated with depressive symptoms.[@B9] When brain synaptosomal membrane cholesterol decreases, there is a pronounced decrease in the number of serotonin receptors, a change that is associated with suicidal and depressive symptoms.[@B4] Alternatively, Molteni and colleagues found that HFD can influence brain structure and function via the up-regulation of the neurotrophins that play a pivotal role in the pathophysiology of depression.

Current research is aimed at elucidating the changes in brain activity associated with depressive behavior. Micro-positron emission tomography (micro-PET) is a functional neuroimaging technique designed for the study of human disease in animal models. The 'gold standard' marker of glucose metabolism, \[F-18\] fluorodeoxyglucose (\[F-18\] FDG), is used as a tracer in animal models of psychiatric disorders due to its relatively long half-life. Our previous study successfully demonstrated changes in brain glucose metabolism by \[F-18\] FDG micro-PET in a rat model of chronic mild stress.[@B10] To our knowledge, the changes in brain activity in rats exposed to an HFD have not been studied in detail. In this study, we investigated whether a rat exposed to a HFD exhibits depressive behavior, and whether HFD-induced changes in brain activity and glucose metabolism are associated with depressive behavior.

2.. Methods {#s7}
===========

2.1. Animals and preparation of animal model {#s7a}
--------------------------------------------

All procedures complied with Fudan University experimental standards and the NIH Guide for the Care and Use of Laboratory Animals. The flowchart for the study is shown in [Figure 1](#sap-26-03-129-g002.tif){ref-type="fig"}. Twenty healthy male Sprague--Dawley rats weighing 180-200 g (about 2-3 months of age) were randomly divided into two groups of 10 rats each. Rats in the control group were fed a regular diet (choline bitartrate 0.25%, vitamin mixture 1.0%, mineral mixture 3.5%, corn oil 5.0%, cellulose 5.0%, casein 20.0%, and corn α-starch to make 100%) for 9 weeks. Rats in the experimental group were fed a HFD (custard powder 10%, lard 20%, cholesterol 2.5%, sodium cholate 0.2%, thiamazole 0.1%, sucrose 2% and regular diet 65.2%) for 9 weeks.[@B11]

![Flow chart of the study](sap-26-03-129-g002){#sap-26-03-129-g002.tif}

2.2. Serum lipid measurement {#s7b}
----------------------------

Assay kits for assessing serum triglycerides, total cholesterol, and high- and low-density lipoprotein cholesterol were obtained from Biosino Bio-technology and Science Inc (Beijing, China). Rats in both groups had blood drawn (5 mL) via the caudal vein at baseline and at the end of the 9-week trial. Serum lipid measurements were determined by an enzymatic method according to the instructions in the assay kit.

2.3. Sucrose preference test {#s7c}
----------------------------

The sucrose preference test (SPT) has been employed to operationally define anhedonia, a hallmark of depression.[@B12] The animal is first exposed to 20 hours of food and water deprivation and then presented with two drinking bottles (one with water and one with 1% sucrose) for one hour. Consumption of both fluids is measured by assessing the change in weight of the bottles over the hour. Outcome measures are the weight-adjusted intake of water and of 1% sucrose (i.e., mL/kg) and the percent sucrose preference (i.e., 100 x sucrose solution intake \[mL\]/total fluid intake \[mL\]). These tests were carried out at baseline and at the end of week 9.

2.4. Open-field test {#s7d}
--------------------

In the open-field test (OFT), each rat was tested individually in an apparatus with a black square base (100×100 cm^2^) with black walls (40 cm high). The floor of the apparatus is divided into 25 equal squares and classified as the peripheral sector (the 16 squares around the wall) and the central sector (the 9 squares not touching a wall). The rat is placed in the center of the apparatus and allowed to move freely for 5 min while its behavior is recorded using a video camera. The behavioral parameters are: total activity, total number of squares crossed; peripheral activity, the number of squares crossed in the peripheral sector; rearing activity, the number of squares crossed with the body inclined vertically, forequarters raised with and without the forelimbs touching the wall of the apparatus; first minute activity, the total number of squares crossed during the first minute of testing; grooming, the number of times the animal groomed its face, licked/cleaned or scratched various parts of the body; defecation, the number of fecal boli excreted during the period, and duration of immobility. These tests were conducted at baseline and at the end of week 9.

2.5. \[F-18\] FDG micro PET scan {#s7e}
--------------------------------

\[F-18\] FDG, with a specific activity of 500 Ci/mmol, was prepared in the Department of Nuclear Medicine at the Second Affiliated Hospital of Zhejiang University. Before the FDG injection, each rat was deprived of food for 10 hours. Then 0.5 mCi of pyrogen-free FDG was injected into the rat's tail vein. After 40 min, the animal was placed in a spread-legged prone position under halothane gas anesthesia (5% induction and 1.5% for maintenance) and scanned with the micro-PET R4 (Concorde Microsystems, Knoxville, TN, USA) as previously described.[@B10] All data were reconstructed using a maximum-a-posterior probability algorithm with a pixel size of 0.4×0.4×1.2 mm^3^. Brain regions were extracted and normalized using rat brain templates. To obtain accurate anatomical information, we used statistical parametric mapping (SPM 5) software for PET template normalization and compared the results with the magnetic resonance imaging (MRI) template, which made it possible to identify the stereotaxic placement of the results.[@B13] We used the region of interest method to evaluate FDG uptake in brain regions with significant metabolic changes, including the thalamus and striatum. Because of cost considerations, this assessment was only conducted at the end of the 9-week trial.

2.5. Statistical methods {#s7f}
------------------------

Results are expressed as the means and standard errors of means. The data obtained from the sucrose preference test, body weight and serum lipids were analyzed using t-tests (comparing the two groups at each time period), paired t-tests (comparing changes over time within each group) and repeated measures ANOVA (comparing the changes over time between the two groups). OFT was analyzed using the non-parametric Friedman ANOVA. Comparisons of the \[F-18\] FDG micro-PET results between the two groups at the end of week 9 were made using t-tests. Pearson's correlation coefficients were calculated between the measures of behavior and those for glucose metabolism. All results with p\<0.05 were considered to be statistically significant.

3.. Results {#s8}
===========

Baseline mean (se) body weight was 193.6 (2.6) g for control group rats and 191.9 (1.6) g for HFD rats (t=1.94, p=0.217). There were no significant differences between the two groups in the baseline values of the 4 measures of serum lipids assessed (triglycerides, total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol). At the end of the 9-week trial, compared to rats on the standard diet, rats on the high fat diet were significantly heavier, had significantly higher serum total cholesterol, significantly higher low-density lipoprotein cholesterol, and significantly lower high-density lipoprotein cholesterol. (Table 1).

###### 

Comparison of mean (se) body weight and serum lipids between 10 control group rats and 10 high-fat diet rats at end of the 9-week trial

  --------------------------------------------------------------------------------------------------------------------------------
  Group                 Body weight\   Total cholesterol\   Triglyceride\   High-density lipoprotein\   Low-density lipoprotein\
                        (g)            (mmol/L)             (mmol/L)        (mmol/L)                    (mmol/L)
  --------------------- -------------- -------------------- --------------- --------------------------- --------------------------
  Control group         360.9 (9.9)    1.72 (0.78)          0.68 (0.05)     1.11 (0.06)                 0.80 (0.04)

  High fat diet group   564.3 (4.3)    2.68 (0.02)          0.79 (0.03)     0.87 (0.03)                 1.06 (0.01)

    t-test              18.82          11.76                2.00            -3.43                       6.96

    p-value             \<0.001        \<0.001              0.078           \<0.001                     \<0.001
  --------------------------------------------------------------------------------------------------------------------------------

Results of the sucrose preference test are shown in Table 2. At baseline, weight-adjusted sucrose intake, weight-adjusted water intake and percent sucrose preference did not differ significantly between the two groups. At the end of the trial there were no significant changes in the three measures over time in the control group, but the HFD group had experienced a significant increase in weight-adjusted water intake and a corresponding decrease in the percent sucrose preference. We used repeated measures ANOVA analyses to compare the changes in the three measures over time between the two groups: there was no significant difference in the change in weight-adjusted sucrose intake between the two groups but there was a significantly greater increase over time in the weight-adjusted water intake and a corresponding significantly greater decrease in the percent sucrose preference in the high fat diet group compared to the control group.

###### 

Comparison of mean (se) body weight-adjusted sucrose and water intake and sucrose preference of 10 control rats fed a standard diet and 10 rats fed a high-fat diet

  Group                 Sucrose intake (ml/kg)^a^   Water intake (ml/kg)^b^   Sucrose preference (%)^c^                                                                               
  --------------------- --------------------------- ------------------------- --------------------------- ------------- -------------- ---------------- -------------- -------------- -----------------
  Control group         44.68 (1.37)                44.39 (2.54)              -0.13 (0.897)               9.48 (0.21)   8.66 (0.35)    -2.54 (0.052)    83.21 (1.17)   83.37 (0.92)   9.74 (0.355)
  High fat diet group   42.99 (1.44)                41.73 (1.18)              -0.57 (0.581)               9.43 (0.20)   12.94 (0.60)   5.75 (\<0.001)   81.90 (1.86)   76.33 (0.93)   -5.07 (\<0.001)
    t-test              -0.47                       -0.95                     \-\-\--                     -0.15         6.15           \-\-\--          -0.23          -5.41          \-\-\--
    p-value             0.647                       0.356                     \-\-\--                     0.884         \<0.001        \-\-\--          0.825          \<0.001        \-\-\--

^a^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=0.890, df=18, p=0.356

^b^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=37.82, df=18, p\<0.001

^c^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=29.24, df=18, p\<0.001

Results for the seven measures derived from the OFT are shown in Table 3. There were no significant differences between baseline and the 9-week follow-up assessment in any of the measures in either of the groups. Comparison of the change in the measures during the 9-week trial between the two groups using repeated measures ANOVA found no significant differences between the groups.

###### 

Mean (se) results of open field test (OFT) in 10 control rats and 10 high fat diet rats at baseline and after 9 weeks of feeding

                                      Baseline        End of week 9   paired t-test (p-value)
  ----------------------------------- --------------- --------------- -------------------------
  Total crossings^a^                                                  
    Control rats                      76.37 (6.49)    75.40 (6.06)    -1.50 (0.168)
    High fat diet rats                89.50 (3.84)    79.10 (5.69)    -1.17 (0.272)
      t-test (p-value)                1.96 (0.065)    0.45 (0.661)    \-\-\--
  Crossings in central sector^b^                                      
    Control rats                      13.87 (1.89)    12.30 (1.24)    -0.59 (0.569)
    High fat diet rats                14.20 (1.04)    11.30 (1.17)    -2.28 (0.058)
      t-test (p-value)                0.67 (0.514)    -0.59 (0.565)   \-\-\--
  Crossings in peripheral sector^c^                                   
    Control rats                      63.09 (7.93)    63.10 (6.08)    1.32 (0.343)
    High fat diet rats                75.30 (3.88)    67.80 (5.78)    -0.84 (0.422)
      t-test (p-value)                1.69 (0.108)    0.56 (0.582)    \-\-\--
  Crossings in first minute^d^                                        
    Control rats                      21.87 (1.13)    20.20 (1.30)    -1.43 (0.187)
    High fat diet rats                23.20 (1.30)    23.70 (0.91)    0.90 (0.390)
      t-test (p-value)                0.23 (0.824)    0.84 (0.108)    \-\-\--
  Number of rearing activities^e^                                     
    Control rats                      12.07 (3.04)    13.10 (2.95)    1.46 (0.177)
    High fat diet rats                13.20 (2.26)    11.80 (2.58)    -0.46 (0.656)
      t-test (p-value)                0.03 (0.979)    -0.33 (0.744)   \-\-\--
  Number of grooming activities^f^                                    
    Control rats                      6.31 (1.09)     5.90 (1.16)     -1.50 (0.168)
    High fat diet rats                6.00 (0.71)     6.50 (0.37)     0.55 (0.596)
      t-test (p-value)                -0.24 (0.814)   4.93 (0.628)    \-\-\--
  Defecation (boli excreted)^g^                                       
    Control rats                      6.08 (0.55)     5.60 (0.45)     -0.35 (0.738)
    High fat diet rats                5.60 (0.62)     7.40 (0.64)     1.89 (0.091)
      t-test (p-value)                -0.34 (0.750)   2.31 (0.053)    \-\-\--

^a^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=1.64, df=18, p=0.217

^b^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=3.67, df=18, p=0.071

^c^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=0.71, df=18, p=0.411

^d^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=0.20, df=18, p=0.661

^e^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=0.21, df=18, p=0.650

^f^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=0.01, df=18, p=0.917

^g^Repeated measures ANOVA comparing difference in groups over time: F (1, 18)=1.35, df=18, p=0.260

Differences in the changes in the coronal and horizontal sections of HFD rats compared to control rats are shown in [Figure 2](#sap-26-03-129-g003.tif){ref-type="fig"}. Table 4 shows the brain regions with significantly different changes in glucose metabolism between groups at the end of the 9-week trial, identified using Paxinos coordinates.[@B14] The high fat diet was associated with a substantial deactivation of the right thalamus and striatum. [Figure 3](#sap-26-03-129-g004.tif){ref-type="fig"} summarizes the changes in glucose metabolism in these two regions of interest. The magnitude of the deactivation of brain activity in the right thalamus and striatum induced by the HFD was positively correlated with the magnitude of the decrease in percent sugar preference (r=0.78, p\<0.01 in the thalamus; r=0.81, p\<0.01 in the striatum). However, this deactivation in brain activity in the right thalamus and striatum was not related to an increase in the weight-adjusted water intake (r=-0.38, p=0.276 in the thalamus; r=-0.16, p=0.651 in the striatum).

![Brain areas with significant changes in glucose metabolism induced by high-fat diet](sap-26-03-129-g003){#sap-26-03-129-g003.tif}

###### 

Comparison of glucose metabolism changes over the 9-week trial between 10 rats fed a high fat diet and 10 rats fed a standard diet

  Brain region     Activation   Paxinos coordinate^a^   t-test (p-value)          
  ---------------- ------------ ----------------------- ------------------ ------ ----------------
  Right thalamus   decrease     1.0                     -4.0               -6.0   -6.48 (\<0.01)
  Right striatum   decrease     4.7                     -2.4               -5.5   -4.31 (\<0.01)

^a^Paxinos coordinates point to the location of the voxel with the highest T-value (p\<0.01, familywise error) in the designated brain area

![Changes over the 9-week trial in glucose metabolism in brain areas in control (CON) and high-fat diet (HFD) groups.](sap-26-03-129-g004){#sap-26-03-129-g004.tif}

4.. Discussion {#s9}
==============

4.1. Key findings {#s9a}
-----------------

This study presents novel evidence supporting prior reports about the effects of a HFD on brain activity. We used micro-PET to assess changes in cerebral glucose metabolism and found that both the right thalamus and the right striatum were significantly deactivated after feeding rats a HFD for nine weeks.

The HFD was also associated with significant increases in body weight, increased water intake, and decreased sucrose preference. The decreased sucrose preference -- a change which is considered an indication of anhedonia[@B15]---suggests that the rewarding value of sucrose solution was disrupted. One possible explanation for this is that the sucrose in the HFD may lower the rat's hedonic response to sweet stimuli; however, this explanation is not supported by a study by Amsterdam and colleagues[@B16] which reported that depressed patients gave similar pleasantness ratings to water and to a diluted sucrose solution as non-depressed controls. Moreover, another study by Willner and colleagues[@B12] showed that the consumption of salt water in depressed rats and non-depressed rats was similar. We conclude that the greasy, high calorie food used in our study did not directly affect sucrose preference; rather, rats given a HFD showed a loss of interest or decreased pleasure in sweet stimuli (i.e., anhedonia).

We also found that HFD rats drank more water, a change that was not correlated with changes in brain glucose metabolism. Further study will be needed to clarify the interaction between diet and water intake. Human studies have found higher water intake is associated with reduced blood viscosity and very high water intake (five or more glasses daily) is associated with a lower risk of coronary heart disease.[@B17] Increased water intake may also be related to serum insulin levels: HFD causes insulin resistance which results in increased serum insulin levels and corresponding changes in appetite and body weight.[@B18]

The open field test is a common qualitative and quantitative measure of general locomotor activity and willingness to explore in rodents.[@B19] In our study, we did not find any significant differences in the observed indices between rats fed a HFD and those fed the standard diet. There was, however, a trend for decreased locomotor activity (number of crossings) in the HFD rats. Previous studies[@B20] suggest that decreased locomotor activity in rats is associated with high emotionality while increased grooming and defecation reflected an increased activation of the autonomic nervous system initiated by fear and anxiety.[@B20] An alternative explanation by Levin and colleagues[@B21] is that HFD-induced obese rodents have low sympathetic activity resulting in decreased energy expenditure.[@B21] Several potential confounding variables could explain these divergent results, including the behavior measure used, the species of animal, and the severity of depression.[@B10] Combining results from our sucrose preference and open field tests, our findings provide some support for the hypothesis that prolonged consumption of a HFD is associated with the onset of depressive symptoms.

Pearson's correlation analysis revealed that sucrose preference was positively correlated with glucose metabolism in the right thalamus and striatum, which were significantly deactivated after consuming a HFD for nine weeks. The limbic system and other brain areas such as the basal ganglia are involved in emotional processing so if a HFD impairs the functioning of the limbic system-striatum-thalamus circuit it would have a corresponding adverse effect on the processing of emotion. Furthermore, this circuit may be part of the neuronal network controlling human feeding behavior, so HFD-induced obesity may be associated with the differential activation (or a progressively worsening deficit) of some of these areas of the brain.[@B22],[@B23] Even without the development of obesity, chronic consumption of a HFD is capable of attenuating dopamine turnover within the limbic system and decreasing operant response to sucrose.[@B24] Thus, there appears to be a natural relationship between a HFD and the regulation of emotion.

Several lines of research suggest a role of the thalamus and striatum in both eating behavior and in the regulation of emotion. In healthy men, neuronal activity in the thalamus decreases in response to a single meal.[@B25] In obese men, satiation produces a significant decrease in regional cerebral blood flow (rCBF) in the limbic areas, caudate and putamen.[@B23] Lesions or manipulation of the paraventricular nuclei of the thalamus affect adrenocorticotropin responses in rats exposed to chronic mild stress.[@B26] Independent component analysis of fMRI results of resting-state thalamus functional connectivity in depressed subjects[@B27] show increased connectivity of the default-mode network. Young and colleagues showed an elevation in total neuron number in the thalamus of depressed subjects,[@B28] a finding that was not confirmed by Mayberg and colleagues.[@B29] Stice and colleagues[@B30] demonstrated that normal weight youth at a high risk for obesity showed greater activation of striatal regions on fMRI. Gautier and colleagues[@B23] showed that satiation in obese men produced significant increases in rCBR in the striatum. There are, however, some contradictory findings: decreased central dopamine in humans is associated with diet-induced obesity;[@B24] striatal D2 receptors are down-regulated in obese animal models;[@B22] Mayberg and colleagues[@B29] observed decreased blood flow in the caudate nucleus of depressed patients; and structural neuroimaging methods demonstrated volume reductions in the putamen and the caudate nucleus in depressed patients.[@B31] Taken together, these findings suggest that both the thalamus and striatum are part of the neuronal network controlling feeding behavior and/or depressive emotions though the mechanism underlying these relationships remain unclear. Our findings support this growing consensus.

The micro-PET data clearly show that HFD-related differences in glucose metabolism were isolated to the right hemisphere. This left-right asymmetry in regional changes is an usual finding warranting further investigation. Previously, we found that changes of brain activity induced by chronic mild stress were lateralized in the left hemisphere.[@B10] The probable reason for the different regions identified in these two studies is the different designs: the present study was a controlled trial comparing the HFD to the standard diet while the previous study compared changes in a single sample of rats before and after exposure to mild chronic stress. One previous study[@B32] has reported hypometabolism of the right prefrontal cortex of obese patients, which is consistent with our results in rats who become obese after exposure to a HFD.

4.2. Limitations {#s9b}
----------------

Our failure to find significant differences in the open field test could be the result of several factors: (a) the sample size was not large enough to detect differences; (b) the test is not a good measure of depression-like symptoms in rats; or (c) there were no differences in the depressive symptoms between the two groups. Resolving this issue would require repeating the study with a larger sample and employing additional measures of emotionality and depression-like symptoms in rats, such as the Force Swimming Test.[@B33]

Changes in brain glucose metabolism (assessed using micro-positron emission tomography) were only examined at the end of the 9-week trial so it was not possible to compare changes in glucose metabolism over time. But the rats in the study were randomly selected from a homogenous pool of rats, so it is unlikely that the results of comparing changes in glucose metabolism over time would be different from the cross-sectional results at the end of the trial.

Finally, the micro-PET neuroimaging technology used in the present study allowed us to investigate in vivo changes in brain glucose metabolism induced by a HFD in small animals,[@B10] but the resolution of the micro-PET system was not sufficient to analyze the activity changes of all brain regions of interest.

Follow-up studies will be needed to assess the rate of change in brain activity after starting a HFD and the persistence of the changes after stopping a HFD.

4.3. Significance {#s9c}
-----------------

These findings support hypotheses about the role of a HFD in the causal pathway for depressive symptoms. Nine weeks of a HFD in rats resulted in the expected increase in weight and change in serum lipid levels, but it was also associated with a decreased preference for sucrose -- which may be due to a loss of interest in pleasurable activities -- and a significant deactivation of the right thalamus and right striatum. Further work is needed to confirm these findings and to clarify the underling mechanisms involved, but it appears clear that the interaction between the content of the diet and the limbic system-striatum-thalamus circuit plays a role in both eating behavior and depressive symptoms.
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